As the economic costs of energy and the negative externalities associated with the combustion of fossil fuels threaten the economic viability of greenhouses in northern climates there is a renewed interest in the use of waste heat. This paper presents a technical and economic methodology to determine the viability of establishing waste heat greenhouses using the waste heat from industrial processes in northern climates. A case study is presented of an exchange between a tomato greenhouse and a flat glass manufacturing plant, which found the waste heat system is significantly more economic to operate than a purely natural gas system.
Introduction
The intensifying global focus on environmental responsibility has forced industries and policy makers to develop strategies to mitigate and avoid the production of harmful emissions, while maintaining economic viability in the marketplace (Stern and Treasury, 2007; IPCC, 2008) . To this end, recent work has even called for energy policy to be focused on real energy economics based on life-cycle carbon emissions (Kenny, et al., 2010) . Although this focus has lead to an increase in the adoption and adaption of renewable energy technologies (Sims, 2004) , the least expensive energy is the energy that never has to be produced in the first place (Lovins, 1996) . To this end it has been shown that reducing the energy and carbon intensity of existing industrial processes, known as demand side management, will play a critical role in reducing global carbon concentrations (IPCC, 2007) . This focus on demand side management has led to more stringent emissions controls on many industries coupled with incentive programs to improve overall system efficiencies, which force industry to critically analyze all facets of their energy usage. In Canada the energy efficiency index, a measure of energy used per unit production in the Canadian industrial sector, has been steadily increasing since its inception in 1990, reaching an increase of 13% from 1990 levels in 2003 (OEE, 2006 .
Additionally, the volatility of fuel prices has made the improvement of process efficiency not only a good environmental decision, but a sound business decision. Consumer natural gas prices have varied widely from $2.48/GJ and a maximum of $11.38/GJ from 2003 to 2010 (Gov. of Alberta, 2010) . Companies who are able to more efficiently utilize energy will be better positioned to succeed during times of increased fuel costs. The efficient use of energy can take many forms; there are internal improvements which include steps such as improving the efficiency of electrical motors, the improved usage of compressed air and increased combustion efficiencies in boilers to name a few (Kreith and Goswami, 2007; Thumann, 1977; Wulfinghoff, 1999) and external improvements which can include the transfer of energy and materials streams with external companies using industrial symbiosis, which can make better use of these traditional "waste" products (Chertow, 2000) . When implemented properly, these by-product exchanges can improve not only the environmental performance of a grouping of companies, but can also have significant economic advantages as well (Mirata, 2004) .
. This paper will provide a methodology to determine the technical and economic viability of using industrial waste heat effectively to heat greenhouses in northern climates. Waste heat recovery in the glass industry is not a new concept, and has been used in the past to provide process steam, space heating, and to improve cycle efficiency (Khinkis et al., 1968; Nycz and Sturgill, 1980; Hnat and Coles, 1985; OIT, 2002; Kobayashi et al., 2005) . In addition, the energy modeling of greenhouses has been previously explored (Chalabi et al., 2002a; Chalabi et al., 2002b; Chau et al., 2009 ) and the prediction of yields and the economic values associated with them have been well studied (Nilsen et al., 1983 ; Chalabi et al., 2002a; Chalabi, 1992) . However, the industrial symbiosis between the glass manufacturing process and greenhouse space heating has not yet been fully explored, from a technical and economic perspective and this is the goal of this paper.
Specifically, a case study will be presented of the combination of flat glass manufacturing with commercial greenhouses, for example to improve the efficiency of an eco-industrial park centered on (Nosrat et al., 2009; Pearce, 2008) . In this case study, the glass manufacturing industry was chosen as it has a large availability of flue gas heat. In addition, because fossil fuel powered glass plants burn natural gas, which produces carbon dioxide (CO 2 ) with relatively low sulfur dioxide and other pollutants (US EPA, 1995), correctly treated flue gasses could possibly be used for CO 2 enrichment of greenhouse crops. Tomato greenhouses are investigated here because of their large market share in the Canadian greenhouse market (Statistics Canada, 2008) , and the wide body of literature related to their growth requirements and optimization. It should be noted however, that the case study of these two specific industries is meant to provide an illustrative example of a possible system, while the same analysis demonstrated here is applicable to a wide range of industry and greenhouse combinations
Waste Heat as a Commodity
The term "waste heat" refers to heat that is either lost through the flue stack of an industrial operation, or which is rejected from a power generation station to improve the thermodynamic efficiency of the cycle. The temperature of this heat is necessarily lower than the combustion temperatures used for power or process steam generation of furnace operation, but are still generally at a high temperature with a large availability of exergy. The re-use of waste heat is well established and has been implemented successfully in several different contexts. The Eco-Industrial Park at Kalundborg, Denmark is one of the first by-product exchanges to utilize an exchange of waste heat in the form of steam between companies. These exchanges offset a large amount of energy each year while still contributing to each company's bottom line (Jacobsen, 2006) . In the Netherlands, combined heat and power (CHP) plants have been used for many years to provide space heating to local greenhouse farmers, and in many cases are owned by either individual greenhouses or associations of smaller farmers. The greenhouse sector in the Netherlands is now a net energy exporter, with 2,500 MW of CHP capacity associated with greenhouses (Nederhoff, 2008) . In addition, The Kiawana Industrial complex in Australia recently performed an energy assessment of its industries and determined that there was the potential to mitigate up to 7% of the total CO 2 emissions of the local industrial park through the effective use of flue gas waste heat (Beers and Biswas, 2008) .
Many other organizations worldwide utilize energy exchanges in the form of steam and combustion products from industries, in addition to utility sharing through the communal use of a large-scale CHP plant (Nederhoff, 2008) . These systems were found to be profitable, in a recent study performed by the U.S. Department of Energy on energy loss reduction, the effective use of industrial waste heat was at the top of the list of recommendations, and had the possibility of diverting the use of 828 trillion BTUs of energy with an associated economic value of $2.210 trillion within the United States (Incorporated Energetics, 2004) .
Greenhouses are a logical choice for utilizing the available exergy provided by industrial operations for a number of industry-specific reasons. They require heat at a relatively low temperature to maintain ambient conditions and they are therefore able to effectively utilize a large portion of the available enthalpy even from temperature sources which are lower than combustion temperatures, such as flue gases. Additionally, if appropriate emissions controls are implemented the exhaust gases from the heat emitting source, which contain CO 2 required by biological plants for growth, can potentially be sold to
The Glass Industry
The glass industry was chosen for this case study because of its large quantity of available waste heat combined with its use of natural gas furnaces, which could allow the use of flue gasses as CO 2 enrichment if appropriate filtration technologies were employed. There are, however, many industries with which a greenhouse could be coupled, including pulp and paper, aluminum smelting, and combined heat and power operations. The focus on the glass industry is meant to act as a case study to highlight the methodology for assessing such projects.
The glass industry is divided into two major sections: i) flat glass and ii) pressed and blown glass. Flat glass is used primarily for fenestration, automotive, and as a front a back cover for solar photovoltaic modules. Pressed and blown glass is seen in containers, lamps and other three dimensional designs (World Bank Group, 1998) . The following example uses data for a typical flat glass plant, however it important to emphasize again that the purpose of this case study is to show the applicability of a greenhouse waste heat exchange with any energy intensive industry. The purpose for focusing on a specific industry is to offer an appropriate "lens" to highlight the advantages and issues with such a system.
Flat glass manufacturing combines silica, lime, dolomite, soda and cullet (recycled glass) along with specialized additives for specific glass properties, in high temperature furnaces powered primarily by natural gas burners (World Bank Group, 1998) . Modern flat glass plants use a float glass technique, where raw materials are added in one end of the furnace while appropriately mixed and melted product is extracted from the other end of the furnace allowing continuous firing. Some furnaces will use an electric boost by passing current through the glass using submerged electrodes near the finished end of the float glass furnace to improve the efficiency of the process. In float glass manufacturing electrical boost provides only 10%-30% of the total heat (Worrell et al., 2008) .
Traditional and efficient air-fuel furnaces will typically use a fixed-bed regenerator to preheat combustion air entering the furnace. These devices typically work in pairs: the exhaust gasses are passed through a regenerator composed of an aluminum or ceramic heat storage elements (refractory bricks, or aluminum balls, generally) where heat from the exhaust gasses is transferred to these media. The direction of airflow is then reversed after a given interval, forcing the cool inlet air to pass over the heated heat transfer media. The flue gas is similarity redirected into the regenerator that was previously used as a cold air inlet. In this way the combustion air is heated and the flue gasses are cooled. It is assumed that a cooling of the flue gasses from approximately 1450 °C to 450 °C is possible with the use of a regenerator (Kobayashi et al., 2005; Reay, 1979; . Because of the size and complexity of these regenerator systems for flat glass furnaces, they tend to be used in furnaces of larger capacity and generally will produce 100-1000 tons of flat glass per day (Pellegrino et al., 2002) .
A new technology is emerging with the use of oxygen enriched firing of glass furnaces. As less energy is required to heat the surrounding air (which is mostly nitrogen) more heat is available for transfer into the molten glass. Additionally, because there is less available nitrogen, the development of nitrous oxide is dramatically reduced (Kobayashi et al., 2005) . Typically oxy-fueled furnaces will have a higher flue gas temperature with a lower flue gas volume; because of the lack of nitrogen, there will be a lower volumetric flow rate of combustion air required to achieve the same equivalence ratio. This lover volumetric flow rate will be carrying the same enthalpy, and therefore will be at a higher temperature (Kobayashi et al., 2005) . Because of the higher portion of enthalpy is available at a greater temperature differential, the amount of enthalpy which can be extracted from this flue gas stream is greater than a traditional regenerative air fueled furnace. However, only an air-fueled furnace is considered in this study.
The Greenhouse Industry

Overview
The purpose of a greenhouse is to allow the cultivation of horticultural crops outside of their traditional climactic zones and requirements. For example, in Canada greenhouses are used to provide "hot house" tomatoes essentially year round to compete against imported produce from countries with more favorable climactic conditions (primarily the U.S. and Mexico, though there are some overseas imports as well) (Agriculture Canada, 2008) . Greenhouse tomatoes have some distinct advantages over imported produce, because the produce is grown close to their final markets they can be allowed to ripen on the vine, improving their flavor compared to imported produce which must ripen in transit. Additionally, because the produce is grown locally, the transportation costs and embodied energy of transportation (Pearce et al., 2007) are not as great, and they benefit from the new trend of "buy local" campaigns in Canada. The greenhouse industry in Ontario is the largest in Canada, accounting for over 11 million square meters of covered land, or more than half of Canada's total 21 million square meters of covered land. This industry produces both vegetable and agricultural products, with tomatoes being the most highly produced vegetable in Ontario at 3 million square meters, and the total of floricultural crops equaling over 4 million square meters (Statistics Canada, 2008) .
There are disadvantages to northern greenhouses, however, which have caused the industry to move towards larger operations; in Canada from 2007 to 2009 the average size of vegetable greenhouses has increased by 12% from 1.49 to 1.7 acres and in Ontario, the province which produces the majority of greenhouse products in Canada, the average greenhouse size has increased by 10% from 2.37 acres to 2.63 acres (Statistics Canada, 2008) . The largest barrier to these operations is the volatility of heating prices, which can account for 15%-20% of a greenhouse operation (Statistics Canada, 2008) . The province of Alberta in Canada has kept accurate records of the average monthly reference price for natural gas since 1988. Since 2003, the average price for natural gas is $6.04/GJ, with a minimum of $2.48/GJ and a maximum of $11.38/GJ (Government of Alberta, 2010). These fluctuations in operating costs are difficult to pass along to the consumer while still staying competitive. Additionally, a recent report by the energy information agency has predicted that this average cost is expected to increase dramatically in the future (EIA, 2009).
The pressures caused by increased competition of international suppliers coupled with increasing energy costs especially in natural gas, have caused many greenhouses to move to alternative fuel sources (Nederhoff and Houter, 2008) . The most prevalent alternative fuels used in northern climates are fuel oil and biomass, although there is also an emergence of combined heat and power (CHP). The emissions of biomass on a greenhouse burner scale are not appropriate for direct injection into the greenhouse for use in CO 2 enrichment because of the presence of dangerous pollutants, requiring the use of supplemental liquefied CO 2 or natural gas CO 2 generators (Chau et al., 2009) . CHP is another method which is commonly used in the Netherlands for greenhouse heating, and currently has 2,500 MW of greenhouse tied CHP (Nederhoff and Houter, 2008) . Because CHP systems burn either natural gas or bio gas, the emissions can be treated for nitrous oxide emissions and be injected directly into the greenhouse for CO 2 enrichment. These greenhouse tied CHP systems are gaining a hold in Canada, with the recent commissioning of a 50 acre greenhouse run from a CHP generator in Ontario (Soave Enterprises, 2009 ).
The use of industrial waste heat for greenhouse heating is not a new idea. In the 1970's to the early 1980's there was a push towards the increased use of industrial waste heat, and several test greenhouses were opened, tied to either large scale power plants or industrial operations. In Saskatchewan, for example, two greenhouses were set up to run from the exhaust gasses from booster compressor stations along the national natural gas pipeline. Though these projects met with initial success, they later ceased operation which is assumed to be attributed to the variable quality of the heat supply (Weseen, 2001) . The Shand power station in Saskatchewan opened a waste heat greenhouse in 1991, and is continuing to grow tree seedlings for use as a carbon offset (SaskPower, 2010) . In addition, several studies have previously investigated the feasibility of using waste heat from power generation facilities, and in some cases have constructed test greenhouses (Manning and Mears, 1981; Helgeson et al., 1986; Olszewski, 1978) .
Greenhouse structure
Greenhouses are generally made of a clear glass or plastic, which allows the passage of most of the solar spectrum for plant photosynthesis, but prevents infrared photons from crossing. When the visible light is absorbed by the foliage in the greenhouse, it is changed and is re-radiated primarily in the infrared range, and so a large portion of the solar energy entering the greenhouse is retained. There are many different structural designs for greenhouses, the most common is the straight sidewall with a gable roof because of its simple framing and efficient use of standard building materials. In a commercial application, multiple structures are connected together in a gutter-connected arrangement and the interior walls are eliminated. This reduces the external surface area of the structure and therefore reduces the heating load on the structure. In northern climates, it is recommended by the American Society of Agricultural and Biological Engineers (ASABE) to provide heating at the gutters to reduce snow build-up (2008).
Methodology
The purpose of this paper is to demonstrate a methodology to determine the maximum yield of produce that can be grown while being supported by the waste heat from a large float glass manufacturing plant. This methodology has the following structure:
• Determine the availability of waste heat that can be extracted from the flue gas taking into account thermodynamic and practical considerations.
• Utilize previously derived models for greenhouse heating requirements to calculate the largest size of greenhouse that can be supported at a threshold temperature. This technique involves a novel method of transforming the greenhouse energy model into a parametric equation to determine the maximum supported area of a greenhouse for a given quantity of waste heat.
• Use greenhouse productivity information to predict the potential yield from this operation.
• Use representative solar irradiation and temperature data in previously derived models for greenhouse heat losses to determine the actual heat load absorbed by the greenhouse, and calculate the amount of CO 2 offset from the use of industrial waste heat.
• Utilize information on energy and CO 2 requirements to perform a basic Net Present Value (NPV) comparison between waste heat and fossil fuel heating.
Waste heat availability
The amount of available waste heat was calculated for a typical float glass plant assessed by the U.S. Department of Energy's Industrial Assessments Center database, which contains energy usage in terms of BTU's of natural gas burnt, and also provides information on the company's size and revenue. The plant chosen for this study produces 500 tons of glass per day, making it a mid-sized float glass operation (Pellegrino et al., 2002) , and utilizes 1.25 PJ of natural gas a year (IAC, 2007) . The entire waste heat system is shown in Figure 1 , which shows the proposed structure and energy flows: The total power available in the waste heat stream was determined from:
Where E f (W) is the total power available in the flue gas, Q t (J) is the total yearly energy consumed by the plant, S y (s) is the total operational time in seconds for the plant in a year, ε util is the total fraction of the energy which is utilized in the furnace, and ε flueloss is the fraction of energy consumed in the furnace which is released through the flue gas.
It is assumed that other North American glass manufacturers will have a similar energy usage profile and that 95% of this natural gas will be burnt in the furnace for glass production, with the rest being used in the plant for glass annealing and other smaller heating tasks (Reay, 1979) . A typical air fired regenerative furnace transfers only 50%-60% of the heat from combustion to the melt, this metric is generally referred to as the furnace efficiency (OIT, 2002), however, efficiencies as low as 42% have been recorded (Arican and Hortaçsu, 1992) depending on the insulation and configuration of the furnace. The waste heat is divided between convection and radiation losses from the furnace and heat rejected in the flue gasses. It is generally assumed that 30% of the energy is rejected through the flue gas, (Pellegrino et al., 2002; Khinkis, 1968; Nycz and Sturgill, 1980; Hnat 1985) . Therefore, using these values in equation (1) and assuming 100% plant uptime, a maximum of 11.3MW of power is available in the flue gas in the case study.
In order to determine the energy available for recovery in the flue gas, combustion was assumed to have 10% excess air, and the natural gas was assumed to be a blend of 80% methane and 20% ethane. The general combustion equation, ignoring production of CO, NO x , and assuming complete combustion is:
From equation (2), the stoicheometric air fuel ratio (AFR) is 10.95. At 10% excess air, this becomes close to 12. Solving the equation for this AFR, the composition of the flue gas is found to be 72.9% nitrogen, 16.7% water, 9% carbon dioxide, and 2% oxygen (by mol). Assuming that the products of combustion are at atmospheric pressure, the dew point of water is 55°C.
The total recoverable power from the waste heat stream is limited by the achievable temperature drop in the flue gas, and can be summarized in the following equation:
Where h fg is the enthalpy contained in the flue gas as it leaves the furnace regenerator in kJ/kmol, h ext is the enthalpy contained in the flue gas at the exit of the waste heat boiler and E r is the total recoverable An important factor to consider when recovering energy from waste heat streams is the acid dew point of the gasses, and the condensation of sodium sulphate salts vaporized from the glass melt, which can foul heat transfer surfaces (Hnat et al., 1985; . The lowest allowable stack flue gas temperature is dependent on many variables including ambient temperatures, stack insulation and height, and company policies. Accordingly, the amount of power recoverable from this flue gas stream was plotted as a function of temperature at the outlet of the waste heat recovery boiler, and is shown in Figure 2 .
Figure 2: Recoverable power as a function of waste heat boiler outlet temperature
In this study, a non-condensing waste heart boiler (WHB) is considered, and previous studies have shown that a temperature of 204°C is generally acceptable to minimize heat exchanger fouling (Hnat et al., 1985) . Accordingly, using an enthalpy drop from 450°C to 204°C and E f calculated in equation (3), the total power recoverable from this waste heat stream (E r ) is 5.1 MW. This amount of waste heat is comparable to previous studies of waste heat boilers used in glass plants. A waste heat boiler installation in a 650 ton/day Swedish float glass plant being used to produce space heating water had a predicted maximum recoverable power of 6.4 MW . The greenhouse will still require a backup natural gas boiler. This is critical, because though modern glass manufacturing is a constant process, it is probable there will be both planned and unplanned downtime during the year. For the purposes of this model, it is assumed that the plant will be unable to provide 6% of the total heat, which should be provided by the backup system. 
Supported Greenhouse Area
In order to calculate the potential area of a greenhouse supported from a given waste heat stream, the energy balance of the greenhouse must be understood. The full energy balance for a greenhouse is (Chalabi et al., 2002) : Where A is the total surface area of the structure (m 2 ), U is the heat loss coefficient of the structure (W/m 2 K), C air is the specific heat of the air (J/kgK), φ is the ventilation rate (m 2 /s), φ air is the density of the air (kg/m 2 ), β is the fraction of the incident light absorbed by the canopy, S is the total solar irradiation over the greenhouse (W), and T i and T o are the internal and external temperatures (K) respectively. This equation is simplified somewhat by ASABE for the purposes of sizing a heating system, and the solar irradiation term is dropped. The equation becomes: (5) where V is the greenhouse volume (m , which is mid range for a new glass or plastic installation (ASABE, 2008) . The thermal coefficient, U, was determined to be 4 W/m 2 K which is the upper range of suggested coefficients for new double walled plastic or glass structures (Chau et al., 2009; Garzoli and Blackwell, 1987; ASABE, 2008) . It should be noted that by using a thermal blanket, this value can be reduced to 2.5 W/m 2 K (ASABE, 2008). The external temperature was taken to be the 99% dry bulb temperature suggested by the American Society of Heating, Refrigerating, and Air-Conditioning Engineers for Kingston Ontario, which is -24°C. The optimal internal temperature (T i ) for growing tomatoes is 21°C (Jones, 1999) , and has been used in previous waste heat greenhouse modeling methodologies, (Manning and Mears, 1981) . The heating system is designed to maintain this temperature at night even on the coldest days of winter. In order to determine the total supported area for the greenhouse, equation (5) was first expressed in terms of the linear dimension of the greenhouse, dimension L in Figure 1 : (6) Where h is the height of the greenhouse, assumed to be 4m, θ is the roof pitch angle, assumed to be 30° and G is the length of a side of the pitched roof assumed to be 2m (see Figure 1) . Re-arranging the quadratic to solve for the linear dimension gives: (7) It was found that, based on these conservative assumptions, the flat glass plant could support a 3.9 acre greenhouse operation. This is larger than the average greenhouse size in Canada, however there are examples of greenhouses which utilize centralized heat sources such as industrial waste heat or CHP being as large as 50 acres (Soave Enterprises, 2009). 
Carbon Dioxide Enrichment
Modern greenhouse operations utilize CO 2 enrichment in order to increase crop yields. Especially in a tightly sealed greenhouse being heated in the winter time, CO 2 enrichment is required at the minimum to maintain the atmospheric concentration of CO 2 at ambient levels (around 380 ppm) to account for plant photosynthesis (Chalabi, et al., 2002a) . It has been shown, however, that crop yields will increase up to CO 2 concentrations of 1000 ppm and increases in yields up up to 90% have been recorded for CO 2 greenhouse tomatoes (Nilsen et al., 1983 ).
There are two common methods for delivering CO 2 enrichment; through the injection of combustion products or through the use of liquid CO 2 . The combustion products from natural gas burned at an equivalence ratio optimized for low NO x and CO production and with good mixing for complete combustion can be directly injected into a greenhouse for CO 2 enrichment due to the high purity of natural gas, the only treatment required is a flue gas condenser to remove some of the moisture from the flue gasses to control the relative humidity of the greenhouse for fungal reasons (Chalabi et al., 2002) .
It should be noted that combustion for gas turbines or reciprocating engines (as in a CHP unit) or in industrial burners typically occurs at an equivalence ratio different from this optimal value, requiring the use of emissions control technologies, such as urea injection and selective catalytic reduction (SCR) to reduce these to acceptable values, and this is discussed more fully in section 4. This difference is primarily because the design parameters for these systems include factors other than only emissions reductions, and therefore, will generally have higher emissions levels than a dedicated natural gas burner. This method of CO 2 enrichment has the advantage that it is essentially "free" CO 2 , as the flue gasses are already developed in the process of burning the natural gas. However, an issue arises as the CO 2 demand profile is generally the opposite of the heating demand profile; the times that the most CO 2 is required is during the highest rate of photosynthesis and therefore there is a large amount of solar irradiation heating the greenhouse, and heating demand is low. To remedy this, some installations utilize fluid thermal storage, where the heating system will heat water during the day, and produce CO 2 for use in the greenhouse. At night, the hot water is used to heat the greenhouse (Chalabi et al., 2002) .
The use of liquid CO 2 eliminates this requirement, but requires that the CO 2 is purchased from a third party and transported to the site, at a higher expense. The advantage, however, is that it is possible to maintain the ideal atmospheric CO 2 concentration at any given time. This strategy has been shown to provide a marginal increase in revenues of up to 27%, and requires 67 kg of CO 2 /m 2 of greenhouse per year (Chalabi et al., 2002) . Based on the size of the proposed greenhouse, this corresponds to 1,083 t CO 2 /year required for the proposed greenhouse.
Determining heating energy and carbon offset
The calculated supported area is the maximum area that can be heated at the maximum greenhouse heat loss, namely at night on the coldest day of the year. However, the actual heating demand for the majority of the year will be much lower than this maximum value. To account for this, the average hourly energy demand was calculated for an entire year taking into account both the average external temperature and solar irradiation. Hourly averaged temperature information was taken from the Energy Plus weather information database for Kingston, ON (USDoE, 2009), and hourly averaged solar irradiation data was collected locally from the Queen's University Integrated Learning Center solar array (Queen's University, 2009). This information was used to solve for the total required heat (Q actual ) measured in J according to (Chalabi et al., 2002) : (8) where M n is the number of days in month n, T nj, ave is the hourly average temperature at hour j in month n and S nj,ave is the hourly average solar irradiation (W) over the entire greenhouse structure in month n. β was taken to be 0.71, which is the absorptivity of a tomato greenhouse canopy (Zhang, 1997) . At any time that the heating load was found to be negative (active cooling is required) it was assumed that the greenhouse would be ventilated, and therefore there would be no natural gas requirement. The overall heating load profile is shown in Figure 3 . Integrating the curve in Figure 3 produces a total heat requirement of 34,562 GJ/year. Assuming 50 kg of CO 2 is developed from a GJ of natural gas combustion (U.S. EPA, 1995) this corresponds to a total offset of 1,728 tonnes of CO 2 /year by using industrial waste heat. In order to determine the net gain of carbon emissions over a traditional natural gas system, three situations must be analyzed. The first is when the natural gas greenhouse utilizes liquefied CO 2 , which means that both greenhouses will have the same heating profile and level of CO 2 injection, resulting in a net reduction of 1,728 tonnes of CO 2 purely from the reduction in heating fuels. The second situation is if the natural gas greenhouse utilizes combustion CO 2 while the waste heat greenhouse utilizes liquefied CO 2 . In this case, previous studies have shown that the natural gas greenhouse will increase its fuel usage by up to 43% (Chalabi et al., 2002) . Therefore, the total CO 2 emissions for the natural gas greenhouse is 2,125 tonnes, implying that the waste heat greenhouse now accounts for a carbon savings of 1,042 tonnes of CO 2, as the waste heat greenhouse is still using 1,083 tonnes of liquefied CO 2 . The final case to consider is if both greenhouses use combustion CO 2 , in which case the total offset is equal to 2,125 tonnes of CO 2 . Thus, the total carbon offset can range from 1,042 tonnes to 2,125 tonnes per year depending on assumptions being made about the greenhouse being replaced.
Predicted yields and economic value
The determination of the predicted yields from the greenhouse is important to estimate the possible revenue stream from the greenhouse. Two Ontario waste heat greenhouses were analyzed for their
Economic Analysis
In order to determine the economic viability of the use of a waste heat greenhouse in the current economic climate, a Net Present Value (NPV) analysis was performed. The entire greenhouse was not considered in this analysis, only the heating system, with the assumption being that all other operating costs would remain the same. Therefore a positive difference in NPV represents the economic gains for a greenhouse operation utilizing waste heat as compared to a traditional natural gas burner.
The required energy is Q act and CO 2 needed is calculated in section 2.4, and the CO 2 costs are based on estimates of $200/ton (Chau, 2008) . The analysis is performed as a comparison between a traditional natural gas boiler and a waste heat greenhouse. The natural gas system is designed with the following assumptions: i) the heater is a boiler feeding hot water to ground level tubing in the greenhouse, thus all pumping and capital costs associated with the floor heating system are the same between both systems; ii) the natural gas burner is vented to the outdoors, and thus does not provide CO 2 for the greenhouse, and transfers heat to the greenhouse with a thermodynamic efficiency of 85%, defined as the ratio of the enthalpy transferred to the greenhouse through the heat exchanger to the chemical energy available in the natural gas. The waste heat system is assumed to have a waste heat boiler, a backup natural gas boiler, and piping to the greenhouse.
Because of the variability of the inputs to the NPV calculation, a sensitivity analysis for a range of expected energy prices was performed. The effects of this variation are shown for the base case, an increase in Minimum Acceptable Rate of Return (MARR) to 15%, an increase in capital costs for the waste heat system of 20% and 50% and comparison with a natural gas burner using combustion CO 2 . It should be noted here that these MARR values are extremely aggressive given the current global economic situation. The results of this sensitivity analysis can be seen in Figure 4 that a greenhouse utilizing combustion CO 2 is much more susceptible to fluctuations in the price of natural gas. Figure 4 it can be seen that in most cases over the entire campaign the waste heat greenhouse is more economical than the natural gas greenhouse. This is similar to the results shown in a previous economic comparison from the 1970s, which showed that traditional fossil fuel heating was more expensive in all but very mild climates (Olszewski et al., 1976) . However, in the case that the natural gas greenhouse utilizes combustion CO 2 the break-even point is much higher than the other cases. It should be noted that in general, combustion CO 2 does not produce as high of a crop yield as liquid CO 2 , as it is more difficult to achieve enrichment set points without also effecting the greenhouse temperature and therefore the revenues from these two techniques may be different. Additionally, the steeper slope of this line suggests that a greenhouse utilizing combustion CO 2 is much more susceptible to fluctuations in the price of natural gas, due to its higher dependence on natural gas for heating and CO 2 enrichment. The production of pure industrial CO 2 is spread among a variety of sources, such as natural gas, coal, other hydrocarbon sources, and as a byproduct of industrial processes such as corn-toethanol plants. Therefore the cost of pure CO 2 is likely to be more sheltered from swings in natural gas costs.
Synergistic Usage of Combustion CO 2 for Enrichment
As previously mentioned, the direct emissions from an air fueled regenerative glass furnace can be used for CO 2 enrichment, however, they will require treatment. The combustion process can form nitrous oxide and sulfur dioxide, and depending on the glass feedstock's used there is the possibility of trace elements of heavy metals and fluorides coming from the glass cullet being melted in the furnace (World Bank Group, 1998) . Therefore, it can be seen that emissions reductions technologies must be used to reduce these harmful emissions to acceptable levels unless non-food based agriculture is practiced. In order to achieve this selective catalytic reduction will be needed to reduce the nitrous oxide emissions.
In addition, a scrubber should be used to reduce the sulfur content of the gasses, depending on the quality of natural gas used. Finally, a method of reducing the heavy metals concentrations should be implemented.
These emissions control techniques represent a large capital investment for a company who is considering them. However, in the specific case study considered here, the company is spending $243,473 on the purchase of liquefied CO 2 . Over a 20 year campaign at a 10% MARR this translates to a present worth of $2.1 Million, which could help to offset a large portion of the emissions reduction infrastructure for the plant. Therefore, the implementation of a waste heat greenhouse can help to reduce the costs of compliance to future emissions legislation. Future work can look at these control technologies in more detail.
Implementation Strategies
The specific implementation of a waste heat greenhouse would depend heavily on specific circumstances. In some cases an industry may decide to purchase a greenhouse as a method of increasing revenues, whereas in another case a greenhouse may approach an industry and fund the required plant retrofits to secure an inexpensive source of heat. Regardless of the specific implementation, there are well documented procedures that are effective at bringing together traditionally disparate companies to engage in a by-product exchange. In general an intermediary body is required to initiate dialogue between stakeholder companies, which can be assisted though the use of an open source mapping methodology (Doyle and Pearce, 2009) . The purpose of an intermediary body is to provide relevant information and is usually an interested industry association, public sector stakeholders, environmental organizations, educational institutions, and similar organizations (Heers et al., 2004) . Once the intermediary body has gathered and distributed the required information and initiated the appropriate dialogues, it is important that they allow the development of an exchange to develop organically. There have been many instances in the past where a potential exchange has failed in the planning stages or after implementation because the design of the system was monopolized by a third party and did not develop directly from the concerned parties (Desrochers, 2004) .
Conclusions
This paper has presented a technical and economic methodology to determine the viability of establishing waste heat greenhouses using the waste heat from industrial processes in northern climates. Specifically, this paper investigated an exchange between a tomato greenhouse and a flat glass manufacturing plant, however the analysis and conclusions developed can be extended to any manufacturing process with a large quantity of waste heat. It has been found that a flat glass plant with a revenue production of 500 tons/day and a usage of 1.25PJ of natural gas can support a 3.9 acre greenhouse with a $1.3 million annual revenue, and can offset from 1,042 to 2,125 tonnes of CO 2 annually. Additionally it has been shown that over a 20 year campaign with a 10% MARR the waste heat system is significantly less expensive to operate than a purely natural gas system. Finally, the addition of a waste heat greenhouse can reduce the costs of emissions compliance for a company, as the deferred costs of liquid CO 2 can fund up to $2.1 million of emissions reductions retrofits. 
